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Abstract:
We report the implementation of a high-rate source of single and two-photon states. By
combining the advantages of short pulses and cavities, heralding rates up to 250 kHz with 88%
fidelity have been obtained for the single photons as well as 800 Hz with 82% fidelity for the
two-photon states. Furthermore, we developed a setup where the homodyne measurement is
conditioned by the heralding of the quantum states, enabling the detection of most of the heralded
events. This allows a faster characterization of the photon source leading to an increase in the
fidelities up to 91% and 88% respectively for the single-photon and two-photon Fock states.
Such high rates and fidelities in the generation of elementary Fock states may open the path for
the production of complex quantum states.
© 2018 Optical Society of America
OCIS codes: (270.0270) Quantum optics; (270.5290) photon statistics; (030.5260) photon counting; (190.0190) nonlin-
ear optics.
References
1. E. Knill, R. Laflamme, and G. J. Milburn, “A scheme for efficient quantum computation with linear optics,” Nature
409, 46–52 (2001).
2. N. Gisin and R. Thew, “Quantum communication,” Nature photonics 1, 165–171 (2007).
3. H. J. Kimble, “The quantum internet,” Nature 453, 1023–1030 (2008).
4. J. L. O’brien, A. Furusawa, and J. Vucˇkovic´, “Photonic quantum technologies,” Nature Photonics 3, 687–695 (2009).
5. J.-W. Pan, Z.-B. Chen, C.-Y. Lu, H. Weinfurter, A. Zeilinger, and M. Z˙ukowski, “Multiphoton entanglement and
interferometry,” Reviews of Modern Physics 84, 777 (2012).
6. J. Etesse, R. Blandino, B. Kanseri, and R. Tualle-Brouri, “Proposal for a loophole-free violation of bell's inequalities
with a set of single photons and homodyne measurements,” New Journal of Physics 16, 053001 (2014).
7. J. Etesse, B. Kanseri, and R. Tualle-Brouri, “Iterative tailoring of optical quantum states with homodyne measure-
ments,” Optics Express 22, 30357–30367 (2014).
8. U. L. Andersen, J. S. Neergaard-Nielsen, P. van Loock, and A. Furusawa, “Hybrid discrete- and continuous-variable
quantum information,” Nature Physics 11, 713–719 (2015).
9. A. Ourjoumtsev, R. Tualle-Brouri, and P. Grangier, “Quantum homodyne tomography of a two-photon fock state,”
Physical Review Letters 96, 213601 (2006).
10. M. Cooper, L. J. Wright, C. Söller, and B. J. Smith, “Experimental generation of multi-photon fock states,” Optics
Express 21, 5309–5317 (2013).
11. L. Sapienza, M. Davanço, A. Badolato, and K. Srinivasan, “Nanoscale optical positioning of single quantum dots for
bright and pure single-photon emission,” Nature Communications 6, 7833 (2015).
12. X. Ma, N. F. Hartmann, J. K. S. Baldwin, S. K. Doorn, and H. Htoon, “Room-temperature single-photon generation
from solitary dopants of carbon nanotubes,” Nature Nanotechnology 10, 671–675 (2015).
13. L. A. Ngah, O. Alibart, L. Labonté, V. D'Auria, and S. Tanzilli, “Ultra-fast heralded single photon source based on
telecom technology,” Laser & Photonics Reviews 9, L1–L5 (2015).
14. H. L. Jeannic, V. B. Verma, A. Cavaillès, F. Marsili, M. D. Shaw, K. Huang, O. Morin, S. W. Nam, and J. Laurat,
“High-efficiency WSi superconducting nanowire single-photon detectors for quantum state engineering in the near
infrared,” Optics Letters 41, 5341–5344 (2016).
15. N. Somaschi, V. Giesz, L. D. Santis, J. C. Loredo, M. P. Almeida, G. Hornecker, S. L. Portalupi, T. Grange, C. Antón,
J. Demory, C. Gómez, I. Sagnes, N. D. Lanzillotti-Kimura, A. Lemaítre, A. Auffeves, A. G. White, L. Lanco, and
ar
X
iv
:1
80
7.
05
70
1v
1 
 [q
ua
nt-
ph
]  
16
 Ju
l 2
01
8
P. Senellart, “Near-optimal single-photon sources in the solid state,” Nature Photonics 10, 340–345 (2016).
16. A. I. Lvovsky, H. Hansen, T. Aichele, O. Benson, J. Mlynek, and S. Schiller, “Quantum state reconstruction of the
single-photon fock state,” Physical Review Letters 87, 050402 (2001).
17. X.-L. Wang, L.-K. Chen, W. Li, H.-L. Huang, C. Liu, C. Chen, Y.-H. Luo, Z.-E. Su, D. Wu, Z.-D. Li, H. Lu, Y. Hu,
X. Jiang, C.-Z. Peng, L. Li, N.-L. Liu, Y.-A. Chen, C.-Y. Lu, and J.-W. Pan, “Experimental ten-photon entanglement,”
Physical Review Letters 117, 210502 (2016).
18. J. ichi Yoshikawa, K. Makino, S. Kurata, P. van Loock, and A. Furusawa, “Creation, storage, and on-demand release
of optical quantum states with a negative wigner function,” Physical Review X 3, 041028 (2013).
19. P. Jobez, N. Timoney, C. Laplane, J. Etesse, A. Ferrier, P. Goldner, N. Gisin, and M. Afzelius, “Towards highly
multimode optical quantum memory for quantum repeaters,” Physical Review A 93, 032327 (2016).
20. F. Kaneda, F. Xu, J. Chapman, and P. G. Kwiat, “Quantum-memory-assisted multi-photon generation for efficient
quantum information processing,” Optica 4, 1034–1037 (2017).
21. E. Pomarico, B. Sanguinetti, T. Guerreiro, R. Thew, and H. Zbinden, “MHz rate and efficient synchronous heralding
of single photons at telecom wavelengths,” Optics Express 20, 23846–23855 (2012).
22. R.-B. Jin, R. Shimizu, I. Morohashi, K. Wakui, M. Takeoka, S. Izumi, T. Sakamoto, M. Fujiwara, T. Yamashita,
S. Miki, H. Terai, Z. Wang, and M. Sasaki, “Efficient generation of twin photons at telecom wavelengths with 2.5
GHz repetition-rate-tunable comb laser,” Scientific Reports 4, 7468 (2014).
23. C. K. Hong, Z. Y. Ou, and L. Mandel, “Measurement of subpicosecond time intervals between two photons by
interference,” Physical Review Letters 59, 2044–2046 (1987).
24. J. Etesse, M. Bouillard, B. Kanseri, and R. Tualle-Brouri, “Experimental generation of squeezed cat states with an
operation allowing iterative growth,” Physical Review Letters 114, 193602 (2015).
25. A. Zavatta, V. Parigi, and M. Bellini, “Toward quantum frequency combs: Boosting the generation of highly
nonclassical light states by cavity-enhanced parametric down-conversion at high repetition rates,” Physical Review A
78, 033809 (2008).
26. R. Krischek, W. Wieczorek, A. Ozawa, N. Kiesel, P. Michelberger, T. Udem, and H. Weinfurter, “Ultraviolet
enhancement cavity for ultrafast nonlinear optics and high-rate multiphoton entanglement experiments,” Nature
Photonics 4, 170–173 (2010).
27. B. Kanseri, M. Bouillard, and R. Tualle-Brouri, “Efficient frequency doubling of femtosecond pulses with BiBO in
an external synchronized cavity,” Optics Communications 380, 148–153 (2016).
28. R. Jozsa, “Fidelity for mixed quantum states,” Journal of modern optics 41, 2315–2323 (1994).
29. L. S. Cruz and F. C. Cruz, “External power-enhancement cavity versus intracavity frequency doubling of Ti: sapphire
lasers using BiBO,” Optics Express 15, 11913–11921 (2007).
30. Y. Takida, “High-efficiency second harmonic generation of mode-locked picosecond ti:sapphire laser using BiB3O6
crystal with external enhancement cavity,” Journal of Laser Micro/Nanoengineering 6, 231–234 (2011).
31. T. Hansch and B. Couillaud, “Laser frequency stabilization by polarization spectroscopy of a reflecting reference
cavity,” Optics communications 35, 441–444 (1980).
32. H. Hansen, T. Aichele, C. Hettich, P. Lodahl, A. I. Lvovsky, J. Mlynek, and S. Schiller, “Ultrasensitive pulsed,
balanced homodyne detector: application to time-domain quantum measurements,” Opt. Lett. 26, 1714–1716 (2001).
33. A. I. Lvovsky, “Iterative maximum-likelihood reconstruction in quantum homodyne tomography,” Journal of Optics
B: Quantum and Semiclassical Optics 6, S556–S559 (2004).
34. T. Kiss, U. Herzog, and U. Leonhardt, “Compensation of losses in photodetection and in quantum-state measurements,”
Physical Review A 52, 2433–2435 (1995).
35. K. Huang, H. L. Jeannic, J. Ruaudel, V. Verma, M. Shaw, F. Marsili, S. Nam, E. Wu, H. Zeng, Y.-C. Jeong, R. Filip,
O. Morin, and J. Laurat, “Optical synthesis of large-amplitude squeezed coherent-state superpositions with minimal
resources,” Physical Review Letters 115, 023602 (2015).
36. D. V. Sychev, A. E. Ulanov, A. A. Pushkina, M. W. Richards, I. A. Fedorov, and A. I. Lvovsky, “Enlargement of
optical schrödinger's cat states,” Nature Photonics 11, 379–382 (2017).
1. Introduction
Fock states are one of the most elementary resources towards quantum information and commu-
nication protocols [1–8]. Over the last decades, important achievements have been seen for their
generation [9–16]. Devices such as quantum dots in cavities are approaching a deterministic
generation of single photons but their non-unity efficiency, in addition to their non-heralding
nature, lead to a low fidelity which makes them hard to use, especially for continuous-variables
protocols. On the opposite side, sources based on spontaneous parametric down conversion
(SPDC) produce high-fidelity single-photon states in a probabilistic fashion. The high fidelities
of the created states and the ease of implementation have made them highly popular. Another
advantage of SPDC is that it can also produce multiple-photon Fock states, though the heralding
rate drops quickly with the number of photons [10, 17]. The probabilistic nature of SPDC can be
managed with the implementation of quantum memories: different setups have been developed
over the years using atoms, bulk crystals or optical cavities [18–20], making the heralding
protocols a very promising tool towards quantum communication and computation.
A way to characterize the quality of the Fock states emitted by a source is to analyze the
number of photons available within some time interval [11–13, 15, 21, 22]. The visibility in
quantum interferences, like in Hong-Ou-Mandel experiments [15,22,23], can also be introduced,
characterizing the ability to emit photons in optical modes that overlap well on a beam-splitter.
However many protocols require Fock states in a well-defined spatio-temporal optical mode:
this is especially the case when continuous variables are implied, where modes have to match
the local oscillator in order to perform quadrature measurements with a homodyne detection [9,
10, 16, 18, 24]. Sources devoted to such applications therefore have to satisfy more stringent
conditions. In this paper, we report the implementation of a source of Fock states using SPDC.
By combining the advantages of pulses and cavities [25–27, and references therein], we achieve
a heralding rate of 250 kHz and 800 Hz, respectively for the generation of single and two-photon
states. The quality of the produced states is measured using homodyne detection (HD). Using a
maximum likelihood technique we reconstruct the density matrix of the input state and obtain
a fidelity1 as high as 88% and 81% for the single and two-photon states, respectively. To our
knowledge, these are the highest emission rates and fidelities obtained so far in the pulsed regime
for Fock states with HD characterization, representing a new step towards efficient quantum
protocols with light.
2. Experimental setup
The setup is illustrated in figure 1. In order to produce the quantum states, we use a pulsed
Ti: Sapphire laser with a repetition rate of 76 MHz. The output pulses have a central wavelength
of 850 nm, a temporal length of 2.6 ps and a peak power of 2 kW. A part of the beam is extracted
to serve as a local oscillator (LO). The main beam is sent to a second harmonic generation (SHG)
1F = tr
(
ρ |ψ〉 〈ψ|
)
with |ψ〉 the reference state and ρ the experimental density matrix upon which the fidelity F is
calculated [28].
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Figure 1: Experimental setup for the generation of single and two-photon states. SHG: second
harmonic generation, OPA: optical parametric amplification, Pol: polarizer, HD: homodyne
detection, F: spectral filter, SPCM: single photon counting module. The radius of curvature of
the concave mirrors of both cavities is 1 m. Inset: stability of the OPA cavity. Jumps correspond
either to an automatic relocking of the cavity, or to a manual adjustment of the cavity length.
Apart from the input couplers, the reflectivity of the mirrors are R>99.9% at 850 nm for the SHG
cavity and 425 nm for the OPA cavity.
stage in order to double the frequency of the laser. This SHG block is followed by an optical
parametric amplification (OPA) stage where the Fock states are produced.
To perform the SHG, we send the 850 nm pulses into a type I BiB3O6 crystal (2-mm-thick) to
produce pulses at 425 nm. In order to enhance the conversion efficiency, the crystal is placed in a
bow-tie cavity of finesse 50 [27, 29, 30]. As the length of the cavity has to match the distance
between two consecutive pulses, the cavity is 3.95 m long. The crystal is installed between the
two concave mirrors where the waist of the beam is ∼ 200 µm. In order to reduce optical losses,
both sides of the crystal have been treated with anti-reflection coatings at 425 nm and 850 nm.
The phase of the cavity is locked using the Hänsch-Couillaud technique [27, 31]. We reach a
conversion efficiency up to 70% using this approach, leading to a peak power of 1.1 kW (for an
input power of 1.6 kW).
The frequency doubled beam is then directed to another 3.95-m-long bow-tie cavity, namely
the OPA cavity, in order to produce pairs of photons via SPDC. A 1-mm-thick type-I BiB3O6
crystal is placed between the two concave mirrors of the cavity, where the beam waist is
approximately 100 µm. The locking scheme is the same as for the SHG cavity. The cavity
enhances the peak power of the frequency-doubled pump beam by a factor ∼ 50, leading to
a peak power of ∼ 50 kW. A half-wave plate followed by a polarizer placed ahead of the
cavity allows to control the polarization of the beam as well as the power resonating inside
the cavity. The BiB3O6 crystal is used in a non-collinear configuration by slightly tilting the
crystal (12’) from the collinear configuration. The signal beam is first coupled into a 1-m-long
polarization-maintaining single-mode fiber, allowing a spatial filtering of the single photon. Then,
as the SPDC process is frequency-degenerate, a spectral filtering is achieved by combining a
grating with a slit placed in the focal plane of a lens. This technique allows the tuning of the
central frequency of the single photons in order to match the central wavelength of the laser.
The bandwidth of the filtering is optimized in order to remove as much frequency correlations
as possible while maintaining a strong heralding rate. Following the spectral filtering stage, we
probabilistically separate the photons using a 50:50 beam-splitter. Two single-photon counting
modules (SPCM, Perkin Elmer SPCM-AQR-13) placed in the output ports of the splitter, allow
to measure single-photon Fock states, when only one SPCM clicks, and two-photon Fock states,
when both SPCMs click for the same pulse. The overall efficiency of the detection is measured
to be around 6%.
The heralded states are then characterized by quantum state tomography using a HD [32]. The
overall detection efficiency of the HD is ηHD=ηPDηC =76±3% (where ηPD=94±2% is the
quantum efficiency of the photodiodes, and ηC=C2=81±1% is the mode-matching efficiency,
with C the contrast measured between the idler beam and the local oscillator. As the estimation
of detection losses leads to the main source of error, we estimate the error bars of the fidelity by
reconstructing the density matrix for 73% and 79% detection efficiency. It is worth noting that if
the error on the contrast is statistical, the error on the quantum efficiencies of the photodiodes,
due to the calibrations of the powermeters used to characterize them, is systematic. The HD
has a few-MHz bandwidth, which is much lower than the repetition rate of the laser. Thus, we
reduce the repetition rate of the laser using a Pockels cell (PC) on the local oscillator. The PC
allows to switch the polarization of the pulses and, combined with a half-wave plate (HWP) and
a polarizer, reduces the repetition rate of the local oscillator from 76 MHz to 1 MHz, allowing a
complete characterization of the states emitted by our source.
3. Experimental results
In order to characterize our source, we acquire single-photon measurements for different intra-
cavity (IC) peak powers. The IC peak power is determined by measuring a leak from one of the
curved mirrors of the cavity. For each power, we acquire 50 000 single-photon data points with
the HD. The single-photon data points are acquired when only one APD is triggered. We retrieve
(a)
(b) (c)
Figure 2: Experimental results. (a) Fidelity and heralding rate as functions of the IC pump
peak power. The fidelity reaches 88% for a heralding rate of 250 kHz at a pump peak power
of ∼ 20 kW. (b) Diagonal elements of the density matrix without and with correction of the
detection losses. (c) Colored: Wigner function of the measured state; dark shade: Wigner function
of the theoretical single-photon Fock state; solid lines: projection of the obtained state along one
axis; dashed lines: distributions of a theoretical single-photon Fock state.
the Wigner function of the state by using a maximum likelihood technique [33], where the
maximum number of photons for the reconstruction algorithm is truncated to 5. As the HD is not
part of the creation protocol, the losses of the HD can be corrected [34] allowing to reconstruct
the quantum state actually heralded by the SPCMs before the HD.
The figure 2(a) represents the fidelity of the single-photons as a function of the IC peak power
in the OPA cavity. We reach a fidelity of 88% for an IC peak power of ∼ 20 kW. On this figure,
we note that the fidelity increases with the power, explained by the ratio of dark counts over single
photons counts decreasing with the increase of power and thus heralding rate. Above an IC peak
power of ∼ 20 kW, the fidelity starts to decrease. This behavior has two different origins : First,
thermal effects inside the crystal are appearing as we increase the IC power, reducing the quality
of the photons. Second, the number of two-photon state events increases with the IC power. The
(a) (b)
Figure 3: Experimental results. (a) Diagonal elements of the density matrix without and with
correction of the detection losses. (b) Colored: Wigner function of the measured state; dark
shade: Wigner function of the theoretical single-photon Fock state; plain lines: projection of the
obtained state along one axis; dashed lines: distributions of a theoretical two-photon Fock state.
diagonal elements for the obtained single-photon state, with and without error correction, for
an IC peak power of 20 kW are presented in figure 2(b), whereas the corresponding Wigner
function (with error correction) is demonstrated in the figure 2(c). The solid lines and dashed
lines represent respectively the probability distribution of the measured state (corrected from
the detection losses) and the theoretical state. A fidelity of 88+4−3% has been reached for an
heralding rate of ∼ 250 kHz, while the analysis rate is ∼ 500 Hz. Compared to our previous
experiment [24], we increase the fidelity by 11%, while we enhance the heralding rate by more
than two orders of magnitude.
We now look at the quality of the two-photon Fock states (i.e. when both SPCMs heralded a
photon for the same pulse). Due to a low rate of analysis of few Hz, we acquire only 10 000 points.
The diagonal elements and the Wigner function of the state, obtained for an IC peak power of
23 kW, are reconstructed via the maximum-likelihood technique with error correction (figures
3(a) and 3(b)). We achieve a fidelity of 82±6% for a heralding rate of 800 Hz. Both values, the
heralding rate and the fidelity are, to our knowledge, the highest for the production of two-photon
states using continuous variables.
4. An optical delay line for improved analysis rates
In the previous sections, a Pockels cell is used to slow the repetition rate of the LO down to
1 MHz, in order to avoid saturation of the HD, meaning that all the events are not analyzed. Since
the photons are produced randomly and since we collect a sufficient amount of statistics, we can
be confident that our reconstruction yields a faithful representation of the heralded state. The
ability to measure all the events concerns the detection system, and is disconnected from the
production part. However, the bandwidth of the HD is a limitation that one has to manage, and
the present section is dedicated to overcome this issue.
A fast HD [10] could solve this problem, but the benefit in terms of bandwidth can be mitigated
by additional electronic noise and a loss of detection efficiency. We propose another approach:
while the HD cannot support the 76 MHz emission rate of the laser, it would have no difficulty to
follow the sub-MHz heralding rate of the Fock-state source. One just has to trigger the Pockels
cell with the photons heralding events. This will raise the problem of the delay required by the
(a) (b)
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Figure 4: Diagonal elements of the density matrix for the single-photon (a) and two-photon
(c) Fock states obtained with an optical delay line for improved detection rates, without and with
correction of the detection losses. (b) and (d) Wigner functions of the reconstructed single-photon
(b) and two-photon (d) Fock states; dark shade: Wigner function of the theoretical states; plain
lines: projections of the obtained state along one axis; dashed lines: distributions of the theoretical
states.
electronics for the triggering process, but this problem can be solved with an optical delay line
inserted between the Fock states source and the HD.
We developed an optical delay line based on bouncing the idler beam between a plane and
two spherical (2.5 m curvature radius) high reflectivity mirrors (>99.99%), separated by 4.8 m.
With the control of the round trips number, it allows to tune the delay of the heralded Fock states
from 32 to 288 ns by steps of 32 ns with optical losses lower than 1%.
With this system, it is possible to measure all the events, except a small part which is falling
into the dead-time of the HD (∼ 1 µs). The experimental settings here differ a little bit from what
was presented in the previous section but, with an analysis rate of∼ 160 kHz for the single-photon
states, and of∼ 250 Hz for the two-photons states, we show that we can reach measurement rates
that are very close to the corresponding heralding rates(respectively ∼ 200 kHz and ∼ 250 Hz in
this experiment for the single and two-photons states). The rates of unmeasured events by the
HD are here estimated to be of ∼ 40 kHz (< 1 Hz) for the single photon (two-photon) Fock
states. In addition, this detection modality does not induce any deterioration of the quality of the
measured states. On the contrary, we observed an improvement with a corrected fidelity reaching
91±4% and 88±4% for the single and two-photon states, respectively. The tomographies of these
states are presented on the figure 4.
5. Conclusion
We experimentally demonstrate a fast production of single and two-photon Fock states. The
fidelity of the states reaches 88% for the single photons with a heralding rate of 250 kHz, and 82%
with a heralding rate of 800 Hz for the two-photon state. With an optical delay line that allows
to trigger the measurements with the detection events, we reach a detection rate of 160 kHz
for single-photon states with a 91% fidelity, and of 250 Hz for two-photons states with a 88%
fidelity. As Fock states are the first step for the production of a multitude of quantum states,
such as the production of optical Schrödinger cat states [24, 35, 36], the production of those
elementary quantum states with high fidelities and heralding rates is essential. Combined with
an optical quantum memory currently in development, such experiments could pave the way
towards continuous-variables and hybrid quantum-information protocols.
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